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been somewhat disappointing. Neither the 24-hour 
periods of highest or lowest evaporation at Grand Junc- 
tion regularly recede the corresponding periods at  Fre- 

sherid an-Black Hills-Nebrmka series the sequence of 
events appears to be st.ill less regular, although as ib m e n -  
cral rule the eastward momnient cxii be trace$ 'I t  
a pears that both 1oc.d dist ur?)ances and devint inns of 

mmy elements of iincertainty to niltke it. prn.ct.icn.1 to  
forecad the progress of evnporstinn a.t itxi\' dist:mt 

1Vit.h t-he informat.ion which is available t.o t.hc 
Leather Bureau, it is probable thrtt, t,he rate of erttporit- 
tion could be forecast, in genera.1 t.erms rind for brad 
regions, as accurately as rainfall and t.empcrat.nres we 
now forecast,, but it is very tloubtfril whether this would 
serve the same pur ose rts an eraporation rewrd obtained 
in each locrtlity ant sub'ect. t.o local influenyes. 

mont, which P ies about. 170 miles due east. In the 

t i! e cyolonic centers from a regular course inject, too 

oint. 

The records of evaporation obtnitlecl at  sis points 
during the season of 1923 indicate clearly tlie cliarnvter 
of the variations at  any single oint and bet,ween st,atioiin 
in the same general region. &ey suggest t,hut the evap- 

oration record com rises a simple means for inte ating 

in barometric pressure, and that t is record ma have a 
rluant.it,ative va.lue veater than that of any sing e factor 
commonly recorclea at weather stations-possibly, in 
relttt.ion tn fire hazard, greater than any combination of 
weathcr clenienh that might be integrated by cornputt+ 
tion. 

day t.liat t.o he practically usefill t.o a forest supervisor 
the evaporat.ion record must he of a local character. It 
will, possibly, he found later that records obtained in the 
heaclcuartms towns are not, so valuable ~ts t,hose which 
niny e ohhined within the forested area. 

At least. for the present, the absolute evaporation rate 
ran not he considered so important a factor in the fire 
liazard as the gcineral shape of the evaporation curve. 
The st,nrt,ing oint, for all calculations is, apparentrly, the 

mtina at. least il saturated atmosp ere and presumably 
a wefi-inoist.ened condition of the forest floor. Because 
of the importance of this zero point, still further effort 
should he tnrule to improve t.he evaporimeter along the 
line of eliminating all intake of rain water. 

r 
.p 

all of the factors w R ich accompan the periodic c anges 

from one point t,n another near-hp point for any sing 3 e 

E 

It. is indicat,ed that evaporation varie.s so grecltl 

rl 
time when t P le eva.porat.ion rate a proaclies zero, indi- 

TRANSPIRATION BY FOREST TREES.  

By ROBERT E. HOHTON, Consulting Hydraiilie Engineer. 
\Vmvlw~xille,  S .  Y ., Dwembw c, VJ3. l  

HORNEL'S ESPERIMENTS. 

Aside from mattered dn.t,n of transpiration from cnt, 
branches and meauer potometer experiments by R.isler, 
Vogel, Harti , anJPfaff,' few data are available relative 
t.0 the actua 7 transpiration rate from trees, except the 
experiments of F'ranz von Hohnel.? 

Although published more than 40 years a ~ ,  Hohnel's 
results have not been presented in En@& ot.her\vise 
than in brief abstract form. The originals contain 
numerous mis rints, and the results have sometimes been 

from. % has appeared, therefore, worth while to give 
these important experiments some further critical study, 
and present the main results in some detail in English 
units. Errors and misprints in the originals have been 
corrected, in so f a r  as possible. 

Hohnel's ex eriments, carried out in connection with 

the transpiration losses and water requirement ratios for 
a large number of species and varieties of trees. Seed- 
ling plants 5 to G years old were transplanted to potom- 
eters and allowed to stand for three or four weeks to 
permit the earth to settle. The potometers were 7.S to 
5.2 inches in diameter and 7.5 inches high. Each con- 
tained 7.7 to 11 pounds of soil. Conical covers were used 
to shut out rain, o enin s bein left for the plant stems 
and for watering t L E  oug a cor 1 --inserted tube. 
In 1878, 44 potometers were used, 24 being expose+ in 

the sun and 20 in the shade. Those in the shade received 
sunlight from 7 to 9 a. m. and 5 to 7 p. m. For the sub- 
sequent years the total number wits increrrsed to 79, of 
which 39 were in the sun, 29 in half shade, and 11 in the 

misinte rete R and unjustified conchions drawn there- 

the Austrian Ep orest Service in the years 18'7s to 1S80, give 

1 Fnrest influence% BUU. 7 U. 5. D .  A 1893, pp. 78-HI. 
2 Hahnel, Franz R.: Water kuiremtmts :f forest trees. (Ow.)  Forach. Rty. Agri- 

kultur Ph sik, 1878, v o l  2 nn- m i ~ 2 1  
~umt i fy  of trans irada 

Ocslarr&h.s, 1881, vo? 2, p p .  47, 90, and ! 
Water rmuirement of orebt twes wil 

Formh. Beg.- AgrikuMw Phgaik lml vol. 4, pp. 43544.5. 
The water requirements of f&ests.' (am.) Ctnt~al Blatt Graamie Pors(rcsm. 1944, 

Vol. lo, pp. m-4oD. 

slide. The quantity of writer transpired was obtained 
by dadv meighings. Meteorological observations were 
t nken three times daily, iticluding teniperatures in shel- 
tered, open, and shaded locations, and rainfall and 
evapnration readings. For each plant the dates of leaf- 
ing and defoliation were recorded, and at  the end of the 
season tlie leaf cro was air-dried and weighed and the 
rcsult recorded. .e lie mean results for 1879 for each 
variety of tree are given in Table 1. This shows the 
nveriige tmnspiration loss in grams from each variet of 
t,ree, and also tlie water requirement ratio expresse8 in 
t.crms of water transpired per unit of dry leaf matter 
produced. 

The. wntcr requirement for the year as shown in Table 
1 is not :rlways precisely equal to the sum of the water 
requirement for the summer and winter seasons, as given 
in the sanic tttble. This results from the fact that the 
esperimentitl clatit covered the period March 1, 1879, to 
Martrcd 1 ,  1SS0, so that in order to obtain the transpira- 
tion loss for the periocl November, 1S79, to April 1, 1880 
inclusive, tlie nionth of March, 1879, was assumed and 
used to represent the month of March, 1880. 

In Tablc 3 lire given tlie nit3an water re uirements for 
t,lie same t,ree in different exposures as 8 etermined in 
18'79. I t  nppetws that in aeneral the water requirement 
ratio for broad-leaved decizuous trees in the sun is about 
two-thirds that for the same variety in the shade. This 
result would be espected, since in general any condition 
unfavorable to plant development increases the water 
requirement ratio. Actually, the quantity of water 
transpired from shaded plants averaged considerably 
more than those in tlie sun, as shown in Table 3. The 
difference in the average is mainly due to the excessive 
trans iration in shade by larch and Scotch pine. Out 

8 transpired more and 7 less in sha e than in sun, the 
excess eit,her wity probably de ending to some extent 

or shade loving. 

B of 15 R -inds of t.rees for which the com arison is available, 

on the tree, whether it is to be c P assed ecologically as sun 
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TABLE 1 .--Hohncl's etperirnents on frnnspiratwn from trees, March, 1879, to February, 1880. 

f-lct. 2i1 

I 

I !  

172 
ls2 
200 
191 

Total transpiration. 

3,Wi  
s.029 
2.663 
5.316 

Water reqiiiremont r n t i o - ~ a ~ n s P i r d  Dry leaf weight' 

May 3 

:urn-! Dry 2 I iqal 
rsts. I ~ ~ f l g h t  

- 
I am. 

2 i 8.79 
3 I 3.64 
2 ~ 17.15 .___. FSli 
2 1 . S  

13.33 
5.95 
0.51 
6.7i 
6.43 
0.52 
3.57 
4.71 

Oct. 15 

Date 
in Ical. 

3ri5 
365 
31% 
365 

-_ 
NO- 
vein- 
Jcr to  
ipril. 

Rni . 
37. 9 
43.4 
59. A 
46.9 
97. R 

226.4 
74.2 
94. I 
m. 3 
4 . 5  

178.8 
109.5 
h i .  ti 

125.3 
184.8 
118. I 
151.4 
69.0 

197.5 
so. 2 

13s. 8 
122.4 

164.0 
329.4 
519.9 
424. 6 
2%. 7 
17% 4 
237.5 
s5. 3 
5% 1 
71.6 

11% 9 
147.0 
102.7 
123.2 
118.3 

w. 5 
151.6 
I r a  1 
141.3 

91.9 

41.7 
.m. 9 
274.3 

. 2 6 .  li 
752. li 

,054.3 

227.0 

36.0 
1189 
7i7 

443.5 
325.4 
344.5 

__ 

355.0 

21n. 9 

.232. a 

...... 

...... 
7.180 

2.7% 
........ 
........ 

Date 
hare. 

- 
vo 

erto 
prll. 

m- 

- 
4.56 

16.5 
8.5 
9.8 

15.2 
21.8 
18.6 
22.3 
25.6 
13.3 
20.4 as. 5 

24.5 
32.5 
15.4 
40.4 
27.9 
11.9 

20.7 
33.8 
27.2 
10.9 
32.7 
21.8 
21.9 
m.3 
6% 1 
16.8 
37.4 
21.1 
5.9 

13.? 
9.5 

12.6 
24.6 
4.6 

13.9 
49.3 

8.9 
45.5 
27.2 
25.6 

58.9 

56.3 
33.3 
44.8 
47. R 
35.2 
26.3 
36.5 

7.3 

15. I 
6.2 

10.8 

16.9 
21. R 
19.3 

43. ti 

...... 

...... 

- 

p i 1  

- 

1.0 
4.5 
5.9 
3. s 

10.7 
18.7 
14.7 
10. s 
7.7 
2.7 
7.1 

12.4 
7. 8 
4.9 

11.7 
11.1 
30.1 
21.1 
4.5 

6.3 
11.6 
8.9 
2.2 
2.3 
?.? 

3 . 1  
95.1 
58. 6 
12.3 
2s. 3 
20.3 
4.0 
8.6 
6. 3 
6.9 

20. r 
0.9 
9.4 

41.7 

3.6 
35.g 
19.7 
21.6 

31.8 

2s. 2 
28.7 
2 8  9 
14. a 
7. a 
5. a 
s. 9 
2.7 
2.0 
1.3 

4 . 2  
1.1 
2. B 

1.R 
5.3 
3.5 

_- 

- 

day. 

- 

2s. 3 
22.4 
6n. 7 
37.1 
03.0 
77.9 
90.4 
29.5 
55.4 
14.6 

43. I 

38.1 
8.7 

30.2 
43.1 
68.4 
55.7 
6n. 5 

22.4 
30.4 
26.4 
11.0 
36.3 
23.6 
45.6 

-9.3 
41.5 
40.3 
40.9 
31.1 
71.7 
51.4 
47.3 
42.0 
55.3 
4s. 2 
87.6 

57.5 
65.7 
61. 6 
84.4 

90.6 

71.6 
60. 0 
65.8 
21.2 
27.4 
16.0 
21.5 
8.1 
4.9 
6.5 

9. s 
2.0 
5.9 

4 . f i  
15.4 
10. 0 

66.5 

Iy. 1 

- 

- 

une. 

- 
19 
73.9 
28.9 
107.3 
34.3 

39.9 
03.6 
%. 6 
04.3 
19.2 
54.2 
23.1 

15. 4 
28.5 
81.2 
54.8 
03.3 

89.0 
72.9 
30.9 
R7. G 
20. 8 
0 4 2  
71.7 
'53.9 
6?. 8 
49.4 
M). 1 
49.7 
s5.6 
47.0 
16.3 
61.1 
01.2 
30. 6 
3n. 9 
D4. 4 

m. 9 
m. 7 
!59. fi 
65.3 

!5l. 4 

IW 2 
144.1 
126.1 
811.6 
46. 8 
26.4 
44.6 
12 3 
13.5 
12.9 

18.6 
13.2 
15.9 

14.5 
28. 7 
21. B 

45. a 

eo. n 

- 

- 

)et* 
ber. 

- 

12.2 
60.6 
58.6 
40.5 
2.1 

73.5 

52.3 
42.5 
46.6 
47.1 
32.7 
30.5 
!22. 6 
61.9 
14.1 
29.2 
21.6 
1.0 

34.6 
89.9 
62.2 
16.5 
59.5 
38.0 
23.3 
49.9 
36.6 
18.P 
41.5 
31.3 
3.9 

22.1 
13.0 
3.9 

16. 4 
25.9 
15.4 
76.7 

1.4 
62.0 
31.7 
24. ? 

a 9  

119.5 
65.6 
142.5 
15.1 
11.2 
25.7 
17.3 
4.3 
7. I 

37. 8 

5. a 
8. a 
5.9 
7.3 

7.7 

1 . 4  
!. 2 

- 

Name of tree. Exposure. 
W.1y 

to CJC- 
toher. 

2: 
ber. 

- 

I15 
Ian. 7 
!18 
179.9 
29.6 
174.8 
IM.2 
139. 2 
163.7 
145.1 
149.3 
129.9 
146.6 
I.W. 2 
152.2 
loa. 3 
139.9 
121.6 
BO. 8 

122.9 
242.2 
182.5 
6. fi 

174.1 
119. 8 
61. 1 

1.10.6 
loo. s 
61.0 

137.4 
99. 2 

ai. 3 
38. 3 

115.0 
8% 

242. J 

3s. 6 
170.3 1m. 4 
14% 3 

345.4 

116.6 
169.0 
307. 8 
29.8 
39.1 
22.4 
30.4 
9.4 

18.8 
14.0 

17. 6 

19.3 

15.2 
18.0 
16. 6 

en. 2 
110. 4 

111.0 

21.0 

-_ 

May 
) Oct* 
ber. 
- 

804 
,026 

871 
616.6 

,044.2 
830.4 
103.9 
943.41 

,332.5 
,023.3 
764.8 
732.2 
767.1 
754.7 
B01.8 
819.9 
710.8 
439.4 

491.9 
.,W2.8 

782.3 
400.2 
861.3 
647.2 
390.8 

I ,  1.53.7 
172.2 
5%. 3 
781.1 
m 7  
362 3 
658.4 

537.0 
597.7 
729.0 
621.2 1,mo 
959.3 

1,061.9 
I, 010.6 

847.6 

I, &.. 1 

1.27.4.8 
I ,  014.6 
1,119.7 

203.2 
267.4 
144.5 
205.0 
67.8 
88.6 
78.1 

100. 9 
R8.5 
99. 7 

123.4 
103.7 

510.3 

84.0 

A U- 
gost. 

~ 

233 
288 
271 
264 
190.9 
327.9 
2.59.4 
206.5 
255.4 
341.7 
267.9 
193.5 
195.2 
302.9 
230.5 
173.2 
205.9 
189.5 
92.1 

140.5 
271.6 
206.0 
132.8 
295. 1 
213.9 
74.2 

175.1 
1%. 6 
141.6 
187. 8 
164.7 
s . 9  

166. 3 
126.1 
161.9 
161.3 
239.8 
187.6 
308.9 

2 9 . 1  
310.6 
296. S 
246.1 

55.5.4 

217.9 
331.1 
Y4.5 
43.9 
84.3 
32.5 
53.0 
IS. 4 
24.5 
19.9 

16. 5 
28.6 
22.5 

22.7 
28.3 
25.5 

lenr.  Iuly. 

197.0 
301.4 
255.5 
251.3 
157.0 
241.3 
2on. li 
191.7 
240.0 
14s. 4 2w. 0 
210.6 
197.5 
195. 9 
102.3 
140.9 
194.7 
107. 8 
112.3 

82.6 
325.9 
154.2 
RG. 4 m. 2 

14i.3 
115.0 
339.2 
227.1 
1as. 5 
216.3 
163.4 
95.4 

140. s 
11s. 1 
126.9 
165.8 
162 4 
151.7 
272.2 

269.8 
243.5 
256.1 
185.3 

357.4 

160.9 
244.6 
202.7 
52.5 
63.5 
5s. 2 
5s. 1 
17.2 
19.5 
18.3 

16.1 
27.7 
21.9 

25.6 
22.6 

19. n 

- 

Ash (Fnuinus rmrl- 
a h ) .  

While birch (Rf lu la  

Eeech (Faqw s y h t i c a  

alba). 

4un.. .... 
Shade.. ... 
Rallshade 
Mean... .. 
Sun.. .... 
Hallshade 

Gm. 
7.n97 
3, is0 

lH.047 
9.643 
4,  c24 

19.316 
11.969 
4.2.53 
J.9lX 
o.mn 
6 . 8 4  
4 . w  
3 , i 'S  
4.066 
3.M2 
7 , w  
2.545 
5.19s 
2.913 

4,698 
2.Sll 
3.754 
4.435 

14,173 
9.304 
4.612 
5,534 
5. r175 
9.OR4 
3.672 
6, 354 
5. 325 
2. &37 
4. lM 
5.315 
3. 57s 

16.111 
8.334 
5.956 

7.099 
3.525 

4.619 

2, G3S 

m 
15.422 
S. 164 
5.113 
9,235 
3.BR 
A.Wi 
3.044 
2,566 
2 . w  

2.334 
1 9 . m  
l(i.I%R 

1.345 
1.419 
3.032 

5.312 

m 
I.WB 
1.092 

MI 
ti32 

1.M6 
S?9 
Sl6 
968 

I ,  346 
1.013 

794 
i i 6  
i92 
787 
617 
860 
i 3 S  
4 5 1  

513 
1,067 

790 
411 
927 
689 
419 

1,262 
HO 
537 
Sl9 
674 
36s 
672 
520 
-549 
622 
734 
635 

1. S I  

96s 
1. in7 
I ,  nas 

873 

1.748 

1. 281 
1,018 
1,165 

?51 
303 
171 
242 

96 

116 
105 
110 

101 
145 w 

..... 

..... 

- 

May 5 
May 3 
Mav 4 
..do.... 
Apr. 8 
Apr. 9 
Am. S 

net .  II 

o C t .  1 

act. 31 
net. 2.5 
OCt. 22 

1-W. 2 i  
Oct. 14 
Oct. 31 
Nor. 1 
Nov. 26 
Nov. 9 
Oct. 14 

Oct. 25 
net. 22 

Meau.. _ _  . , 
Sun.. .... 
Shade.. ... 
Half shade 

._.. 
il 
1 

2 
2 
2 

2 
3 

1 

1 
1 

4 
3 

1 
1 

3 
3 

2 
2 

3 
1 
2 

1 

1 
1 

1 

1 

1 
1 

3 
2 
3 

3 
1 

3 
1 

5 
2 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

._.. 

._.. 

.... 

.... 
- 

Mem.. .... 
Sun.. ..... 
Shade.. ... 
Half shade 
Mean ...... 
Snn.. ..... 
Shade.. .. 
Yesn.. ... 
Bun.. .... 
6un.. .... 
Shade. -. . 
Mean ..... 
Sun.. .... 
Hallshade 
Mean.. ... 
Plnl ...... 
Shade.. .. 
hlcan.... . 
R i m . .  .... 
Shade .... 
Mean.. ... 
Fun.. .... 
Shade .... 
Mean.. ... 
Stin.. .... 
Shade.. .. 
Half shad! 
hlcan... .. 
Shade.. .. 

Hornbeam or iron- 
wwd ( Carpinus bc- 
rUlU8). 

4.93 
12.W 
3 37 
8.13 
6.63 

9.55 
2.71 
6.13 

11.1s 
l i .  13 
1.1.15 
11. s 
4. 8 
6.3 

19.27 
4. CL 

11.45 
14. -55 
4.38 
0.46 
9.76 
5.9s 

22.15 
13.63 
?. so 
7.40 
3.32 
5.36 
5. .i? 

1.56 

0.74 
13.20 
7.97 

as. 3 
2s. 8 
31.3s 
36.55 
29.0 
32.77 

23.05 
193.0 

2ti 1 
15. .\5 

27.0 

iwo? 

ao. 9; 

FMd elm (t ' lmus 
canapralris). 

6LStid" oak (Qurrcas 

4 rauben"oak (Qufr  

"Zerr'' oak (Qufrcus 

Black alder ( .41i iss 

aray alder (dlnus 

Sycamore maple f -4 cc 

Yonntaln maple (Arc 

rdunnrlua). 

eUs 8e88fl!lolia). 

emis) .  

phlboaa) .  

incarla). 

pldfnofdea I .  

pcudoplal) .  

Mav 7 
A i 28 

May 5 
Map 12 
May 9 
Apr. 9 
..do ..... 
..do ..... 
Apr. 10 
Apr. 15 
Apr. 12 
Apr. 8 
Apr. 6 
Apr. 7 
Apr. 19 
Apr. 10 
hlav 10 
Ai*. 24 
Apr. 10 

Apr. 25 
Apr. 9 
Apr. 17 
hpr. 20 

..do .... 
Apr. 15 
Apr. 7 
Apr. 11 

May 19 

M% 2 

......... 

......... ......... 

net. 23 
Oct. 29 
Oct. 2fl 
Oct. 21 
Nor. 5 
CJCt. 30 
Ort .  23 
Oct. 29 
o c t .  1 F n  
Oct. 18 
Ort .  I:! 
Ort. 15 
Oct. 12 
Opt. 29 
Oct. 20 
Oct. 1 
Oct. 15 
Oct. 16 
Oct. 11 
Oet. 29 

Fpt. 3 
I J C t .  29 
Oct. 13 
Oct. 1s 

nct. 29 

Nor. 30 . .dQ.. .. . .do.. .. ........ ........ ........ 

l i ?  : 4,.557 
1; i  :14.3s-l 
1i4 , 9.4i0 
197 I 4.911 
3 6  ! 6.05s 
201 I 5.499 
191 !4 261 
169 : :4:650 
i w  I 6 fin5 i ia  j S : ~ I O  
305 , 2.948 
I95 I 417s  
165 ! 5:435 
1ss ! 3.7'12 
159 i16,?14 
171 6,427 
52 I 3.014 Field maple (Arer  

Llnden ( Tika grandi- 
ClZmpc8lW 

folfa). 
Sun.. .... 
Rhade.. .. 
Mean ..... 
sun.. .... 
Shade.. .. 

Aspen (PopuEtlrllrcnr- 
sla).  

Serviceberry or h e m  
tree (Sorbvslorinin) 

Larch (Larir europra) 

Spruce (Abira rrctlsa) 

R l l l l . .  .... 
Hall shad' 

Fir (Ahit-8 lcctiiiataj. Sun.. .... 
Shade.. .. 
Mean ..... 

.................... ................... ................... 
I Scotch while ,piua 

( P f n w  m l i w t r m ) .  
Sun ...... 
Half shad 
Mean.. ... 

.......... I ......... ................... .................... 

.......... i ......... ................... .......... I ......... 
I 

sun.. .... 
Shade .... 
Mbean..... 

3&5 2,689 
3G5 2.144 
31X 2.416 ! 
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-- 
Grams. 

___ - 
7 w  
4:624 
4.253 

4,698 
4,435 
4,612 
9,064 
6.325 
5 315 

5.113 
3.044 
2.334 
2.ws 

4,800 

?E 

7 : m  

TABLE 2.-Comparative water requirement rdios (transpiration per 
una dry-leaj matter) or trees g r o m  in different exposures- 
Hohnel’s experiinents 0/1879. 

I Alltesta. I Inshade. I Halfshade. I Insun. 

ye: 
- __ 

3 ,._.._ 
5 
2 
3 
1 

1 
3 
2 
1 
1 

0 0 8 1  
2 
1 
1 
2 

..... 

..... 

Tree. 

-~ 
Tree. 

Ash ............................ 
Beech .......................... 
Blr ch... ....................... 
Hornbeam ...................... 
Elm ............................ 
Gray alder 
Oak ........................... .......................... 

.................... ................ ............................ 
Blackalder ..................... 
Fieldmaple. ................... 
Linden ......................... 
Aspen .......................... 
Barn ........................... 

Broadleaiwoods ......... 
spruce .......................... 
dcotehpine ..................... 
Austrlanpine .................. 
Fir 

Evergreen needlelaved.  

Larch ..... 

1876 1 a 

944 I 15 I Sp8 I 34 1 627 

Blrc!!. ............................ 
Ash ............................... 
Hornheam.. ...................... 
B& ............................. 
5 camoremaple .................. 
Elm .............................. 
Oak “Stiel”. 
Oak “Traubsn”. ................. 
Oak “Zerr” ....................... 
SprUee ............................ 
Scotch pine.. ..................... 
Fir ................................ 
Austrian pine.. ................... 

h B .  oimtsm maple.. ................ 
..................... 

133 1 6 I 164 1 I1 1 11’3 ----- 
....... 1 1 , 0 6 1  11.m 

-__ 

680 
567 
563 
472 
463 
436 
407 

253 
58.1 
58. 
44.1 
3 2  . 

1 283 

845 
!m 
759 
860 
517 
618 
755 
622 

Ash. ...................... 
Birch.. .................... 
B e d .  .................... 
Ironwood. ................. 
Elm 
Oak 

DC 
Black al 
G r a  alasr 

Under 
IAmt 
8qruCf 

................. .................. I Mnpfe 4.. 
Do 8 .  .................. 

918 814 
1.018 856 

872 731 
914 74!3 
612 I 1  
704 686 
823 662 
692 !i32 

_. 

IT2 - 
2 
2 
7 
2 
2 
1 
4 
1 
3 
2 
3 
1 
1 
3 
3 
3 
2 

1 .................... 
I. .................... 
I ..................... 

Fir. ....................... 
8COtch PhQ. ............... 
Au?trlm pine. ............ 

........................ 
z - .  .................... 

18 ................... 
lder.. .............. 
3.- 

Means.. ........................ I 

7 9,643 
4 11.969 
13 6oB4 
6 3:M2 
4 5,195 
2 3.754 
7 9,304 
2 5.075 
6 6368 
4 4 : l B  
6 8,334 
2 5,512 
2 8,164 
8 6,096 
4 2,805 
4 10 €86 

5,590 ............................ 
4 a:o32 

I I  I 
1 M a n  of the memu for sun, shade, nnd half shade. 
f ~‘Rauben.’’ 
8 ‘‘ZelT’’ e. 
4 S camure maple. ‘ dmtain maple. 

The mean values of the water requirement ratios 
obtained from ex eriments in each of the different ears 

should be noted that the values ‘ven are averages for all 

that there was in general progressive increase in the 
water requirement ratio from year to year. The results 
for the years 1879 and 1880 are much more concordant 
with each other than either is with the results for 1878, 
whichlatter are very small. Xon (p. 234) states: 

The difkence in the mount of transpiration in different yeam 
is explained by the fact that the years 1879 and 1880 had more rain 
and therefore more water penetrated the moil. 

8Zon Ftaphaek Forests and water. N w h d  W a f m o w  CXnnm. Final Report. 

are shown in Ta i! le 4. With reference to this ta i! le it 

ven kind, regar a ess of exposure. With 
reference to t r- e results given in Table 4 it will be noticed 
plants of a 

Washi&ton, 1912; Appendlx V, pp. 206-273. 

Actually, this would more probably cause a decrease 
of the water requirement ratio rather than an increase 
such as actually occurred. The relative amounts of dry 
leaf production in the two years are shown in Table 5. 
In  view of the well-known fact that the use of potometers 
of inadequate size inweases the apparent water require 
ment ratio, it seems probable that the larger values of 
1879 and 1SSO may have been in part due to this cause. 
However, Fernow’ (p. 7S), discussmg these experiments, 
suggests that the increased water requirement after 1878 
was due to the later experimental seasons being more 
favorable to transpiration. Unfortunately, complete 
meteorolouical data acc.oin an ing the experiments are 
not published b Hohnel. Eucg data as are available are 

were not materidly different in 1S79 from those in 1878, 
although in general they were slightly higher. The 
manner in which the evaporation was measured is uncer- 
tain. A Picho eva orometer is mentioned, but the pub- 

naturally be obtained from either this instrument or 
from an ordinary open water atmometer. From known 
data and the published air temperatures, the ap roximate 

157s nnd 1S70, as shown in Table 7. The amounts for 
the growinft seasons in the two years are practically 
identicd. rhe number of plants was approximately 
doubled in 1879. All the available data mdicate that 
larger trans iratioii ratios for the 1nt.er years were prob- 
ably cause$ in part a t  least, by inadequate size of 
potometers for the larger plants. 

Referring to Table 4, the lower water requirement ratio 
for 1Y7S is in art due to the fact that the experiments do 

for 1579 show that the total water requirement for the 
months of Ma to October, inclusive, is 10 to 15 per cent 

$et  rom the fact thnt the transpiration loss drops off very 
rctpidly after the 1st of October, and is very slight for 
Noveniber. The difference between the transplration 
for November. which is included, and May, which is 
excluded in the result for 1878, amounts to 10 or 15 
per cent of the total. Even with this correction, there 
is still a marked progressive increase in the water require- 
ment ratios between 1578 and 1880. 

included in Tab r e G. I t  appears that the air temperatures 

lislied results (see Ip able 6) are very much less than would 

evaporative capacity has been computed for t % e seasons 

not include t P le month of May for that year. The data 

n er than t t at  for June and November. This rcsulb 

TABLE 4.-Aaerage water requirement ratios for trees, Hohnel’r 
experiineiJs, growing season. 

614 

104 

100.0 70 
72.5 10.1 

67. I 

880 
911 
7M 

621 
711 
60O 
647 
a05 
e a 7  
78.1 

loa7  

1 Direct nverages regardless ofreIaNve numbers of sun and shade plant#. 
a June to November inclusive. 
8 April to October ihcllllllve 
4 Sun. shade and hlf h d e  ulantd each aivcm wual wekht. These data am fop May 



674 MONTHLY WEATHER REVIEW. NOVEMBER, 1923' 

Tree. 

TABLE !k-COmqnaTiSOn of HGhnel's transpiration data for  1878 and 
1879. 

Dry leaves. 

! 

5.66 
7 . m  
49.68 
31.6 
5.m 
3.65 
4.70 

8. 12 
8.97 

32.77 
1OR.02 

8.16 
5.36 
7.W 

1878 1 1879 
.- - 

Ash.. .................. 
Birch.. ................. 
E&. ................. 
Irmwd.. ............. 
Elm.. .................. 
oak.. .................. 
Fir. .................... 
Pine.. .................. 
Maple. ................. 
Linden. ................ 
Aspen .................. 

ims. 
June1 ............................. 
July ............................... 
august ............................ 
Beptember ........................ 
October 9.. ........................ 

1879. 

June. ............................. 
pp"--. .................................... 

ay ......................................... 

F. 
64.9 
63.3 
63.7 
59.2 
49.1 

, ......... 

Total transpira- 
tion. 

Inchrs. 
1.07 
1.3R 
1.01 

June to 
NoTm- 

ber. 

hghrl.  .......... .......... 
.......... 

1878 

Gram. 
3508 

2' 064 

1'780 

2' 569 
1'430 

a' 560 

2' 378 
1' 251 
1'698 
a' 281 
3: rn 

. ti3 

.......... .......... .......... .......... .......... .......... .......... 

.......... 

. __ .... 

?day to 
October. 

1879 

.......... 

3.91 
6.06 
4.31 
4. In 
1.57 
1.33 
2.VJ 

19. I I  
- ... - .- 

(hams. 
9,643 

11 964 
6tOG4 
3,862 
5 195 
5'324 
2: 805 

10 668 

5'312 
5' a36 

8: 164 

1875. 
June .............................................................. 
July .............................................................. 
Auwst ........................................................... 

t e m k  ........................................................ 
% O k  ........................................................... 

.. - - ....... 

62.4 ti. a1 
83.5 6.81 
59.3 5.60 
50.91 4.10 

Water requiremeor, 
ratio. 

June to 
Novem- 
ber. 

1878 

.w7 
tis0 
414 
562 
442 
2i5 

5 0 3 0  

315 
615 
743 

4: 504 

_- 
Hay to 

October. 

1 b79 

971 
830 

1,023 
754 
711 
R l R  

787 
1,011 
I, 120 

78.1 
99.7 

___ 
TABLE B.--Meteorological data aecoinpanyiirg Hiihnd's ezperimmls 

on transpiration by trees. 

I Air temperature. 1 
Prq.ipi- 
IBI-OU. I- Open. 

Month. ___I__ 
Shade. 1 Sim. 

F. 1 lmhcs. 

62.4 1.45 

.Go 

.39 

f2.s I 1.44 

63.5 \ .86 

47.8 
53.1 
64.9 
62.6 
65.1 
59.4 
46.0 

.......... 

........ 
1. l i  
1. R6 
1. i; 
I. 81 
1.40 
.76 

........ 

~ i 

1 June 14-30. 8 oct.  1-in. 

TABLE ?.-Calculated evaporation capacity for tempemfure of air in 
shade, with 70 per cent humidity, and wind 5 miles per how.  

MOUth. I e.. pi;: 
---___ ___ 

-- 
2% 5u 

A r i l  ............................................................. ' 47.81 3.60 
1879. 

I& .............................................................. 51.11 4.w 

"% OC ber .......................................................... 

&y-&tober. .................................................... I: 1:: 1:: 11 

June.. ............................................................. 
July. ............................................................. 
August. .......................................................... 

tember.. ...................................................... 
3. .10 

I- 
33.30 

A U October .................................................... 36. w) 

65.1 6. SU 
59.4 5. r,o 

Referring to Table 5 it will be noted that the dry leaf 
production in 1879 was in general much greater than in 
1878, the increase averaging 50 per cent at least. This 
would indicate that the seedlings sdered  severely in 
transplanting, and did not make any material growth 
in the first year. The actual amounts of transplratiou. 
in 1879, allowing for differences in the months covered 
in the two masons, were as a rule at least double those in 

1878. This results in part from the larger extent of leaf 
surface and in part from the higher water requirement 
ratios. As already pointed out, the meteorological data 
while incomplete, do not, as far as they go, afford a suffi- 
cient basis for explanation of these differences. An 
hypothesis which is consistent with the facts is that in 
1878 the trees suffered a severe set-back from transplant- 
ing but had sufficient root space in the potometers so 
tliat while t,he leaf production and actual transpiration 
are both low, the water requirement also is low. In  the 
subsequent years, growth tended to normality, but the 
crowding of the root systems by the small size of the 
potometers produced a progressive increase in the water 
requirement. From' these considerations the results for 
1S7S are of doubtful utility. Those for 1880 probably 
give too high water requirement ratios. Those for 1879 
are the most nearly normal. 

The results for 1S79 do not in general differ materially 
from the mean of the three years; however, since the 
number of potometers in use in 1879 and 1880 was double 
that in 1878, the values for 1879 represent a better 
balanced average for sun, shade, and half shade condi- 
tions than those of 1878. Since it is not advisable to 
combine the years 1879 and ISSO, on account of ap- 
parently escessive transpiration ratios for t.he latter year, 
tlie best available interpretation of these data for practi- 
cal uses a pears to be the utilization of the we1 hted 

BASIS OF APPLICATION OF HOHNEL'S  RESULTS. 

Hohnel's published results have been available for 40 
ears but have received little application owing to the 

facli of certain data. In  conjunction with the original 
results, tlie dimensions of the experimental trees am not 
given, hut on1 the age and t,he weight of dry leaf matter 
produced. T i e  final results, being ex ressed in terms of 
water requirement ratio per unit oF dry leaf matter 
produced, apparently require for t.heir practical ap lica- 
tion to full-grown trees the determination, direct P y or 
indirectly, of the average annual weight of dry leaf matter. 
Data rewarding t.he weight of leaves produced by different 
Binds OF trees are very limited. Hohnel estimated a 50 
to GO year old beech to have 35,000 leaves; a full-grown 
birch, stundin in the open, 200,000 leaves. The trans- 
piration from%eech was estimated as 23 pounds, daily, 
which for 500 trees per acre, would be equivalent to 7.28 
inches de th on ground area er season. 

Hohne P estimated that a fu  'I ly stocked beech stand, 115 
years old, consumed from 1,560 to 2,140 tons of water 
per acre, or adepth of 13.86 inches. Numerous estimates 
of water consumption by forests have been published 
pur orting to be based on HohnelJs data. In  general 
sucf estimates ultimately rest on measurements made 
from a single full-grown tree of a single variety, and 
represent some assumed average forest stand, and are 
not applicable to other conditions. 

In  view of the great importance of the problem of 
forest water consurn tion and of the extent and relative 
completeness of HO R nel's data, it  has seemed desirable 
to find, if possible, some rationd basis of application of 
these results. For this purpose leaf crop determinations 
were made by the author on well-developed trees of most 
of the kinds experimented on by IIohnel. If, then, it 
may be fairly assumed that the weight of the leaf crop 
for a given size of tree depends on the diameter and 
hei h t  of tree, it becomes possible to apply Hohnel's data 

obtainable, namely, the diameter, height, and number of 
trees of each species on a given mea. 

mean resu f ts for 1879, as shown in column 6 of Ta le 4. 

to 5l t e calculation of transpiration, using data ordinarily 
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Chum- 
'erenCeX 
P e i g h t O l  
crown 
11x13. 

14 

634 
634 
339 an 

% 
815 
MI 
764 

1,14!3 
314 
690 

1,112 
687 

3,014 

"E 

The grounds adjoining the author's laboratory includes 
wide variety of topographical and ecological conditions, 
ranging from deep ravines to steep rid es with lower river 

and similar varieties to those experimented on by &line1 
are indigenous to this area, and leaf crop determinations 
thereon were made in 1921. 

The method pursued consisted in cutting down mature 
trees of each species or variety, with the exception of 
beech, for which the only specimen available was retained 
for ornamental purposes. In the case of trees cut down, 
the two butt diameters, total height of tree and height and 
two diameters of crown were measured, and the number of 
leaves determined. In the case of broad-leaved trees t.his 
WM accomdished by direct counting; the branches were 
trimmed and cut to a convenient size for the purpose and 
mixed samples of t i cd  leaves were secured in all cases. 

used, on wire screens, and were dned in a loft at  air 
temperature for ei h t  weeks. For deciduous trees two 

100 leaves each. These were accurately weighed on a 
sensitive torsion balance. In the case of hemlock the 
diameters of all branches were nieasurecl and recorded. 
Branches of several diameters were selectzed and preseivetl 

A relation curve between diameter 

applied to all branches, and the total leaf weight was 
determined indirectly. In  the case of pines the number 
of leaf fronds on each tree was counted and samples, each 
containing a given number of froncls, were dried and after- 
wards weighed. For the beech, all branch diameters were 
measured, leaf counts were made from several sample 
branches of different diameters cut off for the purpose. 
A relation curve was then established between branch 
diameter and number of leaves, from which the total 
number of leaves on the tree was estimated and the total 
leaf weight determined by application of the results 

bottoms and marshy tracts. Trees o ? most of the s ecies 

The samples were p 9p aced in trays or, in case branc.hes were 

leaf samples were t % en selected, containing usurtlly about 

les; leaves were stripped from each branch ani1 
separately. 

and dry leaf weight was then derived and 

obtained from weighing dried leaf 
The beech tree was in a hedge 

standing on upland 10 feet above 
elm, hornbeam, and basswood 
of a thicket, bordering a swampy area, but the trees 
themselves standing on upland several feet above the 

Ratio 
8 
14 

u 
-- 

0.810 .a 
.!a0 

.om .m 

.I36 .a .om 

.198 

.&B .om 

.opoL .a 

.1&l 

.W 

.m 

LEAFAGE DETERMINATIONS FOR VARIOUS TREES. G swamp. i !i The other tree samples were all from the 
interior of an estensive forest. Care was used to select 

Weight 

r:;;E 
7 

Ounces. 
1.165 
4 4 5  
. a 7  

1.764 
1.05 
2302  
1.368 
1.768 
.40 

.470 
1.195 
1.006 
.965 
.750 
.510 

___ 

......... ......... 

sound trees where possible, and those which were de- 
velo ed normally, and which were neither overexposed to 
the P ight. nor overcrowded. The samples were taken 
early in September, 1921 , before frost and before defolia- 
t,ion began, but at a time when the leaf crop was mature. 
The a es of the trees were determined by counting the 
growt f i rings. In addition to the larger trees described, 
samples of thrifty young trees, sometimes two or three of 
each riiriety, were cut and measured, the leaves counted, 
and the leaf weight estimated from the unit weights per 
100 dry leayes determined from ex eriments on the 

given in Tables S snd 9. 
The results given in Table S are for trees averaging 

about 6 inches diameter by 40 feet height and generally 
about 50 yenrs of age. Table 9 contains similar results 
for niucli oun er trees, 5 t>o 10 years of . Column 9 

of dimieter-height of the tree. Column 15 of each 
t.nhle gives the ratio of the air-dry weight! of leaves to a 
factor det,ermined by multiplyin the circumference by 
t.he height of the t.rec crown. Fhis factor is approxi- 
n1at.el-y proportional to the surface area of the crown. 
Thew ritt.ios for tlie smaller trees are, however, uncer- 
tain, owing to the extremely irregular contours of crowns 
of very young trees. Comparing the ratios of leaf wei ht  

it  appears that in gencral this ratio is lrrr er for the 
his would 50-year-old than for the 

naturitlly be ex ectecl from t e fo owing considerations. 

niity be looked upon as a solid of revolution, enerated 

The whole volume inclosing the leaves is shaped some. 
thing like an ordinary lass telephone insulator in the 

form for other trees from a hollow cone for hemlo& to 
a hemisphere for oaks. The leaf mass if of varying 
thickness in different kinds of trees but in trees of a 
given species the thickness of the leaf mass increases 
with age of the tree u to a certain limit, so that for 

ZETthe weight of leaves per unit of surface area of the 
crown is less than for older trees. 

larger trees. The d a h  for the two c P asses of trees are 

of ewh t n  % E  le s ows the air-dry weight of 4" eaves per unit 

to tlie CIUU-I~ area fa.c.tor, colunm 15, for the two tab K es, 

The volume inc 7 osed by the leaf mass of a typical tree 

about the axis of the tree trunk, but with a ho % ow core. 

case of typical hardwoo d s, like the maple, but ran ea in 

young trees the t E ickness of the leaf mass is less 

%"""E trees. 

$$:y 
weight ol 
lraves. 

S 

Ounres. 
165.68 
m.33 
71.10 
4888  
42.65 

195.25 
131.22 
47.45 
37.90 

342.0 
189.5 
11.3 

192.78 
26.37 
25.91 

107.75 
lAS.41 

- 

TABLE &-Leaf produclion, larger trees. 

Height 
ifcrown. 

11 

Frrt. 
10 
10 
9 

10 
25 
17 
27 
13.6 
20 
27.1 
l L 3  
15 
27.2 

20.7 

32 

19.5 

Diame- kind of tree. 
Diame- 

$lg. 
12 

-- 
Feet. 

17 
17 
12 
12 
13 
14.5 
11.5 
9.5 

12 
13.5 
7 

1 2  5 
28 

18 
10 
30 

10.5 

Diam* 
terx 

height of 
tree 
2x4 .  

5 

33s 
338 
195 
2 4  
125 
2-50 
248 
341 
97 
265 
256 
40.5 

89 
85.5 

109 
370 

373 

- 

Age. 

3 

Number 
oflesves, 

total. 

6 
-- 

14,220 
15940 
16'270 
2'771 
h:Oal 

9'683 
2'687 

8482 

9:476 

2,389 
16 im 
2:611 
2,688 

14.366 
29,100 

......... ......... 

YUV8. 
54 
47 
52 
45 
33 
48 
48 
65 
42 
95 
45 
18 
50 
22 
19 
15 ........ 
- 

1 

Hiekory ......................... 
White plne ...................... 
Blackash ....................... 
P hr .......................... 
b% maple.. .................... 
Black osk.. ..................... 
White oak. ..................... 
Chestnut.. ...................... 
Ironwood.. ..................... 
Hemlock ........................ 
Yellow pine.. ................... 

White birch ..................... 
Black alder. .................... 
Elm.. .......................... 
Beech ........................... 

water  beech. ................... 
BaSBWOOd. ...................... 

Height. 

4 

F f d .  
42 
42 
40 
40 
33 
41 
41 
49.6 
31.5 
35.1 
43.6 
I8 
45.2 
26.5 
21.7 
23 
38 

2 

Znchu. 
808 
808 
4.87 
6.12 
3.75 
6. a5 
6. 08 
6.87 
3. la 
8 12 
5.87 

3.50 
3.94 
4.37 
9.75 

2 25 
8 % 

Ratio 
S 
5 

9 

0.490 
.7&2 .w 
.I99 
.341 
.762 
.530 
.139 
.391 

1.200 
.7m 
.275 
.516 
.295 
.303 
. N o  
.m1 

Eelght 
Dcrown. 

10 

Fret. 
3% 
32 
31 
30 
8 
24 
13 
36 
11.5 
8 

29.3 
3 

18 
7 
1 
6 
6 

- 
olnnun- 

crown. 

13 

Fed. 

B W m  0 

- 
53.41 
53.41 
37.70 
37.70 
40.84 
45.60 
36.13 
29. 84 
37.70 
42.41 
21.98 
39.27 
81.90 
3 2  99 
56.55 
31.42 
89% 
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Age. 

3 

MONTHLY WEATHER REVIEW. 
TABLE 9.-Lsaf production, yowng trees. 

Height. 

4 
-- 

NOVEMBER, 192s 

Ouocpa. 
2.63 
2.52 
.% 
.28 

4.67 
1.72 
3.37 
.45 

-- 
C h u m -  I 

1 . m  
.795 
.473 
.62? 

1.441 
.456 

1.1% .w 

erelieex 
ieinht of 
crown, 
11x13. 

Ratio 
8 

14. 

14 

16.01 
36.10 
7. c% 
4.01 

47.60 
47.7 
29.4 
3.81 

19.31 
39.s7 
'24.41 

m. 3.5 
3.63 

IN.% 

15 
-- 

6159 
.m 
.03a .ow 
.OB8 
. O M  
.I15 
.119 
.175 
.m19 
.Q283 

.075 

.a53 

.in1 

Fwt .  
1.67 
2.42 
1.25 
.75 

4.33 

2.25 
.5s 

1.42 
2.50 
2.17 
4.0s 
3.35 
1.92 
4.33 
3.50 
1.75 
1.08 

3.38 

Fed. 
5.24 
7.60 
3.93 
2.36 

7.06 
1.83 
4.4 
7.85 
6.83 

13.6 
10.6 

12.8 
10.6 
0.03 

13.6 
11.0 
5.5 
3.39 

Years. 
8 
7 

8 
11 
9 
5 

10 
s 

I1 
5 

11 

1s l3 
8 
3l?)  

......... 

......... 

9 

FrfL. 
5.0 
0.75 
2.60 
2.50 
5.5 
6.0 
5.67 
2.33 

6.18 
6.33 s. 42 
3.5 
5.25 
5.0 

13.75 
2.67 
1.92 

5. n 

.a 
2.00 
1.50 
1.5 
.25 
.67 

1.08 
2.75 
1.84 
1.58 
1.33 

1.7 
3.5 
4.5 
4.17 
4.0s 
4.33 
5.08 
3.58 
6.58 
1.92 
3.w2 

57.75 
13.75 
5.36 

................... 
.I57 
.0739 
.OM1 

Feet. 
..... ..... 

11 
I4 
17 

Im. Fed. 
0.2 ...... 
.9 9 

1.9 16 
3.0 B 
4.1 I 30 

IRS. 
0.4 
.9 

1.4 
1.9 

3.3 
4.0 
4.7 
5.5 
6.4 
7.3 
8.3 

11.6 

12.7 13.5 
1+3 
15.1 

a5 

10.6 9.4 

pad. 
7 
10 
I3 
16 

24 
%3 
82 
30 
40 
45 
50 

63 

66 (18 
71 
?a 

m 

59 64 

31 
34 
39 
43 
47 
51 
56 
60 
G4 
67 
70 

9.4 I 5s 
10.7 64 
11.8 69 
12.9 73 
14.0 77 
15.1 d l  
16.1 64 
17.1 87 
18.1 90 
19.1 98 
20.0 95 

rlumhe~ 
~ l l r a ~ e s  
total. 

6 

Weight 
per 100 
kavrs.1 

7 
_. - 
ousct-8. 

1.358 
1.05 
1.05 
1.05 
2.302 
.40 

1. I95 
1.195 
1.165 
1.766 
.437 . !xi3 

. 51 

1. s.5 

-- . I : ,  

......... 

......... 

......... 

Height Height 
o crown. of crown. 

I 
I 

Dbme- 
Frx 

lelgllt Of 
tree, 
2x4.  

5 

2.4 
3.17 
.58 
.15 

3 . 2  
3.7s 

.51 
2.57 
2.96 
3. M 
5.97 
1. S? 
8. 33 
5.25 

1.47 . 69 

3. ni 

20.3 

Total 
alr-dty 
weight 

ofleaves 

8 

Ratio 2 
8 
5 

9 

Kina of tree. 

1 

Diameter 

a 

o. 48 
Inrlcs. 

.47 

.21 

.18 

.5!3 

.63 

.53 

.22 

.51 . 4s . 4s 

.7l . s2 

.BL 
1.05 
2. 13 

.55 

.36 

10 I 11 12 I 13 

White oak.. ................... 
Soft maple.. ................... 

Do.. ....................... 
194 
340 
25 
27 

3 3  

ZS2 
3s 

323 
140 
187 
S81 
?09 
3n2 

4 4'N 
4 97 
4 41 

u n  

........ 

Do.. ....................... 
Black oak.. .................... 
Ironwood. ..................... 
Basswood.. .................... 

Do. ........................ 
Chestnut. ...................... 
Black ash.. .................... 
Black alder. ................... 
Elm. ........................... 
Beech.. ........................ 
Hemlock.. ..................... 
White piiic ..................... 

Do.. ....................... 
Do.. ....................... 

Hickory.. ...................... 

1 From determinations on samplru from lull-prowti t r w  air dry. 

: Artual welght. 
9 Fronds. 

Diameter In InchesXheiglit in lert diddeed by lasf wiiiit prr lln in uuiirrs a\ ricaliipois. 

TABLE 10.-Age, height, and diameter relations for hemlock.' DIAMETER-HEIQHT RELATIONS OF TREES. 

The usual data available as a basis for determining 
the transpiration loss from a forest are the numbers of 
trees of diflerent species and diameters. In  what 
follows it is assumed that these data are available. If, 
as is sometimes the case, only the age of the forest is 
known, then it is assumed that the dianieters are taken 
as the normal diameters for trees of a given age. Of 
course, the heights of the trees are also sonlotimes given 
in forest cruisers' tables, but in rapid forest inspection 
for hydrological work the diameters are more readily 
estimated or measured than the heights. 

localities the 
For the same grown in different 

and diameters a t  a given 
is illustrated for hendock 

however, that for tress 
are approximately the 

trees reach a given 
often quite different. 

uniform, as illustrated 

Similar data for lod epole and western yellow pine are 
ven in Table 11. %hen for trees of the same species 

f u t  different varieties the relation between diameter and 

I 

North 

cone type. 
camiin~ Coimty, 

Wich. 
.4ge, years. 

1/21 w f 
-_ 
A .  
.I 3 n - 
IM. 
0.4 
.9 

1.3 
1.9 
2 4  
2.9 
3.6 
4. 2 
4.9 
5.6 
6.4 
7.3 

9.9 
10.9 
11.9 
12.7 
13.5 

a i  
8.9 

- 

__ 
& 

2- 
- 
IRS. 

1.1 

3.4 
4.7 
6. a 
7.6 
9.1 

10.5 
11.9 
13. 2 
14.5 
15.6 
16.5 
17.1 

19.1 

20.7 

.... 
aa 

is. 3 

m. o 
- 

- 

- 
Ped. 
15 
a3 
30 
36 

47 
53 
5s 
6a 
66 
70 
73 
76 
78 
81 
83 
115 
87 

.._. 

4a 

- 

I - -I-- --- -I- - 
................... 
................... .................. i 20.. 

50.. 
40-.. 
50.. ................... 
Bo.. ................... 
70.. .so.. 
go... .................. 
100 .................... 
110 .................... 
130 .................... 
130 .................... 
140 .................... 
150 .................... 
1RU .................... 
170 .................... 
I f 0  .................... 
1m .................... 
m.. .................. 

................... ................... I 

1 Ins. F W ~ .  
I) 7 I 

2.1 16 
2 9 '  a0 
3.8 I 25 
4.7 j 30 
5.7 35 

7 8  44 
i o 1  49 

10.0 i 53 

1:a 1 12 

6.71 40 

68 

17.5 I 72 
1S.4 I 74 

1 

1 Frothlngham, E. H.: The eastern hemlock, Bull. 152, F. S., U. 8. D. A. pp. 25-27. 

TABLE ll.-Varialion i n  diamder-height relation wuifh habitat. 

LODQEPOLE PINE.1 

i Dlametex in inches. 

: 4 1 6  1 s  ) i o 1 i a 1 1 4 1 1 6 1 1 8 1 m  
I-- 

Heights, in kat. 
I I . -. . -_ __ 

JfedicineBow National Forest Wyo.l._.._ 
slope type &atin county dmt ...I 

Mmt ............................... 
41 

Flat or e& type, Qallatin'County, ' 

I I i I I I I I I  

1 Ziegler: F m t  tablfs, Lodgepole pine, Cir. IN, F. S., U. S. D. A. p. 15. 
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cn>,W1 
rinmln- 
fcrenee 

Ffrt. 
9.45 

T A B L ~  11.-Variation i n  diameter-height relation .u,ith habi4at- 
Continued. 

WESTERN YELLOW PINE? 

CKJwn 
C i r C l n n .  
fereiice 

X 
height. 

Square 
feet. 

66.5 

a Idem: Forest tables. Western yellow pine, Cir. I?:, F. S., U. Y. D. A. p. 11. 

TABLE 12.-Variation i n  height of young seed:ing hickories of 
different varieties.' 

-________ 

Shagbark ........................... 
Plgnut .............................. 

-- - - ... - - _. . .... 

Ag. yam.  

I 
--- __ 

5.8 8 . 0 1  12.0 17.0 
2.81 4.2 7.51 izo! 17.0 ........ ........ 

1 Bdsen and Newlin: The commercial hickorias, Bull. SO, F. Y., U. t3. D. A. p. 27. 

TABLE 13.-Variation ita indiuid ual trees of .I'oruvay pine, in Bay- 
field Counlu, Vis.' 

. __ - ..... - .. - 
Diameter In inches. 

- 
1 1  21 4 1  6 :  S i 1 0 1  121 1 4 :  161 1SI ?01 341 3Oi I 34 

, .  I 
~ 

Helght In feot. 

31 
35 
3s 
3 
13 
21 

Midmum ....... 11 16 21 26 I 32 3s I 11 I 50 55 I 61 I 68 ! 76 I S9 I 9q 
Maxim urn...... 16 2.S 52 72 I87 07 ! la? 107 109 112 114 I117 I123 . lai 
Aver age.... ...I 12 120 184 I47 I S$ 167 I 71 I SO 1 Zi j SS 91 1 96 1104 1109 

75 
56 
77 
13 
18 
6.5 

, , I I I I I  I ,  I I . .  
~ 

1 Woolsey and Chapman: Norway plne in the Iakc States, Prof. Paper 39, F. S., 
U. 8. D. A., pp. 7-1R. 

Taking the case of a secondgrowth white pine in New 
Hampshire,' the constancy of the height-dianiet.er rela- 
tion and normal density of stand or stock in different 
habitats is illustrated by the following figures: 

Quality 1 : Age, 55 yenra: diameter, 11 .S inches; height, 
80.5 feet: 354 trees per acre. 

y a l i t y  2: Age, 65 years; diameter, 11.6 inches; heiglit,, 
79 eet; 348 trees per acre. 

y a l i t y  3 :  Age, SO years: diameter, 11.7 inches; height. 
78 eet; 318 trees per acre. 

TREE GROWTH REL.4TIONS. 

Before attemptin to (t ly the water requirement 
ratio as deterrmne d by €?E o ne1 and the author's leaf- 
weight determinations to ractical calculation of transpi- 

ing the laws of growth of trees wvliich may tlirow lig t on 
the question of the validity of the assumption that the 
leaf crop for a given species of tree varies in pro ortion to 
the product of trunk diameter and height. Tl!e mt.e oF 
growth of a tree is not in general proportional t.o its age. 

% ration losses, attention wi R be called to some facts re ard- 

4 htkdngharn, E. H.: Whitepine, Bull. IS, F.S., U.S. D. A.,pp. 21-22. 

7853.2424-2 

119.0 

40.8 
68.0 
84.8 

100.5 

9.15 

In nearly all cases the growth graphs are curved and 
there seems to be no general form of growth curve a pli- 
cable to all trees. The rate of growth is a function o F the 
habit,ak-treos of the same age growing in different loca- 
tions have widely different diameters and heights. Thia 
is well illustrated by t>he data for bendock shown in 
Table 10. 

Transpiration loss is proportional to leaf mass of the 
tree crown. I t  is therefme desirable to find what evi- 
dence tlierc is available in support of the assumption 
mnde t;hnt die leilf nims is pro ortionti1 to the product- 
diameter in inches >( height in ! eet. 

TABLE lA-Tree crown area and volume relations. 

5,474 
56.7 

816 
2 016 
2:968 
3 618 

4:rwiQs. 

~ 

Beech.. ................... 

Sueor maple.. ............. 

Yellow IJirch.. ............ 

'Basswood 1 ................ 

72.2 
91.1 

110.0 

37.7 
56.5 
62.8 
69.1 
75.5 

9.4 

IZC!W6, 
1 
5 

10 
15 
20 
25 

1 
6 
IO 
15 
20 
2.5 

10 
15 
20 
25 
1 
5 

10 
15 
20 
2.5 

! 

2'238 
33185 
4,180 

Bll 
1 412 
1'88.1 
2'211 
$708 

37.13 
ia  
18 
20 
22 
25 

:Iwwll 
lei ht -&. 
- 
Frtt. 

7 
25 
43 
45 
4.5 
16 
6 

20 
31 
35 
3G 
37 

G 
15 
27 
31 
35 
38 
4 

17 
25 
30 
32 
31.5 
- 

n 
65 
J?3 
93 

lo2 

8. 

- 

12 
230 
720 

1 123 

1: 925 
13 

215 
BSO 

1 @a5 
1'500 
1: 925 

15 
185 
610 

1051) 
1'520 

7.8 
185 
650 

1245 

2:550 

i 520 

2:1w 

1' &lo 

- 
1 Voliime table not available. Nomnl height given is for yeIlow poplar. 

As already noted, the thickness of the leaf mass 
increases with age or with diameter and height u to a 

should be proportional to the product of diameter times 
height it is necessary that increase in diameter and 
height of crown should be somewhat less ra id than 
increase in diameter and height of tree trunk. !he rela- 
tion of breast-height diameter t.0 crown diameter for 
Norway pine is illustrated by the following data: 

Ruivlfon nf breast-height diameter. lo crown diameter, Norway pins 
in Lake 

Trlillk diameter. iilelies. 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Crown dhmrter, Pet. 

4 5 7 8 9 11 12 13 13 14 15 15 16 16 10 16 16 17 17 

It will be noted that for trees up to 13 inches in diam- 
eter the crown diameter in feet is approximately 1.2 
times the trunk diameter in inches. For further increase 
in trunk diameter there is, however, not n proportional 
increase in crown diameter. 

In Table 14 data are given relatire to the crown diam- 
eters and crown heights of four varieties of trees in terms 
of trunk diameter and trunk hei ht. The normal age of 

certain limit a t  least. In order, then, that the lea F mass 

trees of different diameters crnd !i eights have been taken 
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from the Woodsman’s Handbook. The trunk and crown Then, 
diameters and trunk and crown heights for beech trees 
have been plotted in terms of 

until the tree reaches very nearly its mature 
Growth in trunk diameter continues, though at  a 
diminished rate, long after the tree has reached 

e as shown on Tc = wrL& -0.001 W U h  (1) 

(2) 

(3) 

16 X 62.4 

12 TcN TJV‘ 
43,560 3,630 

0.2755 IFrL,dhN 

The rate of growth in the case of 5 eech increases 
T,--=--- 

stature. Crown height is nearly a constant percentage Or 
of the height of the trunk at  all ages. The crown reaches 
ib mature height a t  about the same age as the trunk. 1,000,000 T d  = 

qovcm- 
ber- 

April. 4 

Growth in crown diameter, like growth in diameter of 
trunk, continues after the tree and crown have reached 
full height, but growth in crown diameter is relative1 

height of the tree is attained. In so far as it is possible 
to generalize from the limited data a t  present available, 
it ap e m  that the crown surface is very nearly propor- 
tions P to the product of trunk diameter times height 
until the tree reaches its mature height, after which the 
crown surface increases more slowly than that product; 
but, as already noted, this is undoubtedly compensated 
for in part by increase in thickness of the leaf layer. 
Apparently notlung better can be done at present than 
to assume the annual wei ht  of leaf crop to be propor- 
tional to the producdiameter  times height. It is 
necessary to leave the matter of finding a more precise 
basis of calculation of transpiration for future determi- 
nation. 

Cakukting Forest Trampiration. 

slower than growth in trunk diameter after the f UT 1 

Table 15 contains the water retuirement ratios for 

with the leaf-weight ratio or dry-leaf weight in ounces 
per inch-foot of the diameter-height product for these 
trees as determined by the author. 

various species of trees as determine (1’ by Hiihnel, together 

Let Lr= dry-leaf weight, ounces per inch-foot. 
d -  breast-height diameter of tree in inches. 
h=hei ht of tree in feet. 

To = transpiration loss, cubic feet per tree. 
Td=trans iration loss expressed as a depth in  

N-number of trees per acre. 

W,. = HO a nel’s water-requirement ratio. 

inc K es per acre. 

May- Novem- 
Year. I Octo- ber- l-ear. 

5 1 6 1 1  1 ber. April. 8 

...... - - 

Columns 6, 7, and 8 of Table 15 give values of Td in 
inches depth on forest area for summer, winter, and the 
year, respectively, for a value of dhh;=10,000. Calling 
these va.lues T,, then 

~ 

(4) 

0.w 
.6W 
1.15 
.Pal 
2. m 
1.14 
.M 
.560 
.708 
1.48 .a 
3.864 
.8OO 
.a84 
.a31 
.%I 

TABLE Ifi.-Factors for calculating transpiration from trees (leaf- 
crop basis). 

11.05 

Trer. 

1 

Ash. .................... 
Hlrrh. ................... 
l!eech. .................. 
llorubfaiii fironwood). .. 
Elm. .................... 
Oak laveragel ........... 
Yaple IaverageI.. ....... 
(;ray alder.. ............. 
Hlack alder.. ............ 
Basswood [linden) ....... 
Aspen.. ................. 
Larch ~rnn?arark).. ...... 
8 ruce ................... A. ..................... 
White plne 4. ............ 
Yellow pinr 4.. .......... 

r.e+ 
ratio 
L.. 

2 

0.364 
.295 
.a1 
.3W 
.m 
.646 
.341 * m  
.303 .mi .1w 

8 1.m 
8 1.20 
a 1.m 
.782 
.7a 
- 

m a t e r - r  uiremeut T ~ W  i r a t l o n  T~ 
ratio-?:. H8h-; i n e 1 e . s  er L e ,  
Del, 1879. ~ dhN-lO,&. 
- 
May- 
oct* 
bcr. 

3 

971 
830 

1,023 
755 
711 
618 
565 
651 
772 

848 

a05 
78 

100 
104 

1,011 

1, im 

- 
1Fmm the authm’s measurements for mature trees. Ounces dry leaver per Inch-foot. 

Trunk diameter xheight. * Aanuxned same as black alder. 
I Assumed same as for hemlock. 
4 H8hnel’s Scotch pine. 
6 H6hnel’a Austrian pine. 
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88 
25.9 

166 
4 300 

TABLE 16.-Comparatise yearly transpiration losses from eigen-aged full-stocked stands of different ages representing approiimate mximum 
transpiration losses for a giivn age and species. 

[Numbers, diameters, and heights of treesfrom U. 9. Forest Bureau yield tables. (For evaporative capacity-45 ins.).] 
- - __ .- . _ - - -- - . - -- 

I 

.......... .......... .......... .......... 

I 

dh ..................................................................... 
N&/lOO ............................................................... 

T ................................................................. 
White plne, q d l t y  fust, secwnd growth. T1=0.?3r: 

30 40 

147 4 317 
1,4S5 1,WQ 

4 .12 '  5.12 

__ ... ..... __ 

......... 

................... ................... ................... ................... ................... ................... 

1 .......... .................... .................... .................... .................... .................... 

ah..:.-:.. .. ..I. ....................................................... 
Red spruce, quality Brst, normal hill-stocked second-growth stands in 

............................................................. Ndh/lOO.. T.. ............................................................... 
New Hampshire and Vermont. A-0.W 

T... .............................................................. 1 9.T2 

Treesperacre ................................................................... 700 
Dlameter, average tree. ......................................................... 4.0 
Height, average tree... ......................................................... .: 33 
dh ................................................................................ 133 
NarylOO.. ............................................................. .......... R24 

I Hickory. TI (average hardwood)- 1.05: 

I I 
T ................................................................. ! .......... 9.70 

Beech. Ti-1.15: 
Reesmecre ......................................................... i 2 , 5 s  l,s% 
Diamete.r,average.trea ................................................. 1.7 3.0 

Ndlyl00 ............................................................... 1 i s4  : 1,450 

Height, average tree... ................................................ ' 1% 31. a 
dh ..................................................................... 1 31 95 

T ................................................................. I 8 .99;  1G.a 

9s 
l,19!. 

879 

44 
2 8  

2, 4 i 9  

ti. 4 

5. R6 

887 

36 
212 

15.04 

5.9 

1, 8SO 

84 
12.6 
90 

925 
1,134 

9.71 

I .. ..... .......... 

73 
14.4 
04 

10.38 
lJ 1 

Trnnspiriition rate for vurioiis kinds of veget.st.ion lias 
been found to bear very ncurly a relnt.ion o f  direct pro- 
portionnlit,y to evnporatire ca 1ncit.y. Inasiiiucli t ~ s  t,he 
annual evaporative cnpncity, -Ac, for tlie region  ant^ con- 
ditions where Holinel's es erinient,s were perfornietl wiis 
about 45 inches, it is evi c r  ent, that to obtain tbe trans- 

irlttion loss in nny region where the evnporatire ciipacity E., is different t.he transpiration a.s cu1cul:i ted 11v the 
formulae above given should be niultipliecl by A hct.or 
E C  

3-5- 
Finally, t,he working forniula for ciilculating tri; nspir,i- 

tion depth froni forest areas is 

i5) 

The data required tire those given in conjunction -wit.h 
ordinary forest cruisers' reports, i. e.. (7, ?I., a.nd A? or d 
amd N. N nntl the age of the forest! ::lone mny !,e used in 
con'unction with the nge-clinmeter-liei~lit, reln t.ions gireii 

In  Table 1 6  there are given for various kinds of trees the 
number and sizes of trees per acre for fullv stockeil even 
forest stands. I n  ench case the corresponding trmspiw- 
tion loss for a. region where the er;tporntive C:I 1:icit.y Cs 45 

results are espressed opposite T for ench nee. In t.he 
ca.se of some species of trees on which .there were no es- 
periments by Hiihnel, the water requirement. ratio hiis 

in t. L e Woodsmnn's Handbook. 

inches has been cdculiibed by menns of formu I n (3. The 

410 

59 
525 

3,152 

8.9 

6.11 

s. 6 
583 

61 
525 

3.Wl 
7.55 

668 

46 
345 

2,305 

480 

41 
205 
984 
10.33 

934 
4.5 

44.0 
501 

21.59 

7.5 

is. 40 

5.0 

1, a77 

_- - 

50 
.. .- .. __ 

310 

723 
2,458 

40s 

*so4 
3.250 

10. 4 
69.5 

6.98 

10.6 
74.5 

7.77 

558 

55 
473 

21.11 

6.2 

8.6 

2,639 

320 

49 
304 

11.16 

1.3 
6%. 1 

24.27 

1,063 

598 

353 
2,111 

Age, pews. 

60 

265 
12. 3 
83 

2,700 

311 

1 034 

1, oo9 
7.67 

12. s 
1 . 5  

3: 402 
8. OG 

SOB 

61 
587 

5,889 
22.95 

230 
7.2 

57 
410 
943 

423 

5?8 

9.3 

9.90 

7.0 
66.9 

25.68 
2, "33 

80 

167 

107.5 
1 7s3 

la. 5 

2; 576 
8.45 

207 
IG. 5 

101.5 
1675 
3: 467 

8.22 . 

100 ' 120 
-- 

116 
20.9 

134.5 
5 800 
3'220 

9.11 

151 

113 
2.237 
3,445 

19. s 

8. 113 

457 I 417 
10.1 j 10.8 
70 76 

707 I 821 

25.85 I 8"$,38 

9.0 , 10.5 
69 78 

621 835 

3,231 

155 I 120 

10.11 ! 10.52 
963 ! 1,002 

289 j 196 
10.7 i 13.0 
84.0 ~ 9i .1  

XOO i 28.43 

905 , 1 dl 
2,434 j 2:472 

92 a. 5 
JW. 5 

3 . 8 4  
3,527 

10.02 

........ ......... .._._. -. ........ 

........ ........ 

........ ........ ........ ........ ........ ........ 
100 
11.8 
85 

1,003 
1,003 

10.53 

157 
15.0 

108 
1 590 
2: 496 

2 8  ai 
-- 

140 I 160 

.................... .......... I .......... ..........I .......... 

.......... 1.::: ...... 
i 

................. 

.................... 

heen tissuned ns equal to t.hnt for some closely rela.t,ed 
species, :is indicated in the table. Coni arison of the 

uncc tlie wide rage of t,ranspiration loss which may take 
plnce from diflerent forest nreris, dependent upon the 
c*omposit.ion, dcnsity, and q e ,  or develo ment of *the 
forest. growth. For spruce nnd fir, leiif weig R t detennina- 
lions for matme t,rees are wnntiiig and t.lie t.ranspiration 
values nre st.ill somewhat c.onjecturd. As further illus- 
t,rating t.hc npplication of t,he cln t a., cnlculutions of the 
nnnunl trnnspir:i tion loss froni niised woodlands where 
1.he coiiiposition tinil stand are known tire given on 
Tnhle 17. Here ::g:!in there we wide virrint.ions in the 
aiiGunt, of annuill tmnspirwt ior. loss, dependent upon 
the density, c,linriict,er, u n c l  st,nnd of tbe different species 
uf tree;. In  t.liis cnlculat,ion it! has been necessn.ry to 
iiiIol>t. unit. v:ilucs of t,r:iiispiration loss for a closely re- 
l:!t.ecl vnriet y or spwies in 11i:inv inet.;mces. The d u e s  
:Illopt.etl Ere given in coluiiin 1.7 of the tnhle. 

Reli: tis-e t.o t,he nccuirticv of t.lie resu1t.s obtained by 
this met.horI of calculn.ting torest, t,ranspirat,ion, it iiiny be 
sriid t.h:it. t,hey are a t  least c.onsist,ent wFit.h what is known 
of t.liis matter from ot,lier sources. In this connection 
it  is t.0 he borne in niinil t.hat. there are three sources of 
wi-;:ter losses from a forest area : in!ercept,ion, transpira- 
tion, and eraporation from t,he soil. The int,erception 
loss can he clet,erniinetl wit,h considerable accuracy from 
esist,ing tlntn. Roiighly it. nm0unt.s to $bout 15 per cent 
of t,he rainfnll. 

n lues  of T for different. species and ages o P trees shows at 
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TI. Locality. 

1 

T. 

Spruca, flat, Pittsburph Township, N. IT., 
vlrgin forest. E.-approsimtely 42 
Inches. 

Spruce .............. 
B:rlwnfir .......... 
Yello-n- birch ........ 
P.iperbirch ......... 
Mi~eelloneoris.. ..... 

Hsrdwood forest Waterville Townchip. 
N. H. Averdge hird\vond E.,--R~- 
proxlmately 42 Inrhes. 

?nO i 2 
275 I 2 

6.2 I 2 
22.9 ; 2 
3.4 2 

Flat burnsd over 30 years preceedln?. 
N& Ilampshirn. E,,-approximately 
42 Inches. 

....... 
.mn 
.2RI 
.SI2 
.liW 
.544 
1.15 
1.n5 

....... 
. 6 Y O  
.SO0 
.G'm 
.,I80 
.?S I  
.544 
.514 
.703 

....... 
.2s1 
.HID 
.?SI  
.4<W 

1.4E 

....... 
.?SI 
.2EI 
.251 
.251 

1.14 

....... 
1.14 
1.14 
1.15 

1.05 
1.05 

1.05 

1.05 

.M4 

.4&l 

.237 

....... 
.25l 
.251 

.......I 

Lodmpole plne Medlcine Bow Wvo. 
(Only trees o;er 4 inches In dbnnhtet 
are inclnded.) Eo--3pproxlm.~tcly 16 
Inches. 

j 9.74 
2.w 
.I3 
.23 
4.41 
..58 

4.90 
.19 

12.38 

- 

.OM 

.OR8 

.I37 

.015 

.Oil 

.096 

.MI2 

.on3 

.r2 

.374 

.32 

.ffi!l 

.(ai 

.ooM 

4.1% 

1.4s 
.99 
1.60 
1.15 
.30 

5.52 

-- 

- 

- 

7.51 
1.60 
.48 
.IO 
.IO 
.31 
.03 
.B1 
.02 
.07 

10.25 

.34 

.87 

1.21 

- 

- 

Wsstern ellow pine Madero County, caw. Zoo0 feet eievntion. ~ ~ - a p -  
proximately Bo inches. 

Brrucc .............. 
B ~ I I I . .  ........... 
Hemlock.. .......... 
Yellow birrh.. ...... 
Siignr mapl~ .  ....... 
Bewh.. ............. 
Ylsdinneous.. ..... 

Tot.31.. .............. 

Chestnut slope southern Maryland. 
Kpapproxlmaiely 52 Inches 

SR. I? 

3. i8 
4fl. 81 
15. B.1 
70.62 
20.54 

1n.m 

Wastern yellow pine, Eo- approrlmately 
65 inches. 

Yellov: birch.. ...... 
Spruce. ............. 
Paper birch.. ....... 
A s  +u.. ............. 
n:ilmm fir.. ........ 
Red mnple.. ........ 
Stri edmsple ....... 
ShdBbush.. ......... 

spruce and fir ,forast, Yalne. ""$" ,-approwmately 36 inches. 

2 
22 
20 
3 
IS 
14 
S 
5 

Icd Adl-dack Inrest (Pinchot). % approximately 40 inches. 

To1 rrl 

Lodgepole plne ...... 
Eiighmnu sprucr .... 
Alpine flr.. ......... 
~ s p e n  ............... 
Cottou\\ood ......... 

Tot.11.. 

Inceusccedar ....... 
Whiteflr ............ 
Western yellow plue. 
Su nr pine. ......... 
Cdfornk, bkck mk. 

Total.. 

Chestnut ............ 
Oak ................. 
Beech ............... 
Red maple .......... 
Hickory ............. 
Sweet gnm .......... 
Yellnw poplar.. ..... 
Black gum .......... 
Brrub Ine .......... 
aflsre&nPous.. ..... 

MONTHLY WEATHER REVIEW. 

TABLE lir.-Estimated annual transpiration by actwl forest stands. 

.......................... 
251.60 ! : 

9.W . 4 
7.46 4 
.a5 . 4 
.O1 ~ 5 

! ....................... 
w.45 I 1 
24.6n ! 1 
3.65 : 1 
19.?5 . 1 
2.30 j 1 

............... I.. ...... 
! 

101.57 . 2 
31.57 2 
13.51) 2 
9.50 
9.14 
6.00 
2.57 
$43 -.13 
3.12 

I .  1 otal ................. 
Blark Jack.. ........ 
Yellow pine.. ....... 13.64 

?2.26 . 

.......I ........ 
16'9% 1 .OW 
Q ' S O  , 1.15 

26533 j .&lo 

u:o21 ! .&I4 

....... 
? 
2 
2 
? 
P 
2 
2 

....... 

....... 

....... 

....... 

....... 

....... 

....... 

....... 

....... 

6.05 

2.12 
1.17 
1.09 
.33 

2 
? 
3 
2 
2 
4 
2 

....... 
4 
7 

Toto1 .......... ................. 
Spruce .............. 276.4 . 2 
Balsam fir ........... 

I otol ...... 
a ruce .............. 31.40 I ........ 
Bprrll.. ............. ....... 
Beech ............... ...... 
Hird maple. ........ G. 10 ........ 
Hemlwk.. .......... 4.60 ........ 
Balsam ............. 
Soft inap!e.. ........ ...... 
White pine ___. . _._. . 
Ash.. 
Cedar 
Cherry 

V I  

............... .............. .............. 
Total .......... ...... 

- 
m- 

5 
- 
25 
17 
35 
16 
13 

.... 
Fj 
15 
37 
12 
32 
26 
20 

.... 

.... 

.... .... 

.... 

.... 

.... .... 

.... 

.... 
2s 
29 
20 
6 
5 

.... 
59 
54 
M 
RI 
39 

.... 
44 
20 
23 
13 
10 
18 
14 
12 
12 
16 

.... 
86 
48 

.... 

- 
lelght 
I aver 
age. 

6 

9.26 
4. iS 

6. $4 
3. 

in. in 

...... 
6. 9; 
3. 111 
16.17 
?n. 83 
in. 04 
8.74 
2.95 

...... 
1.0 
2.5 
3.1 
3. $1 
4.2 
3.8 
1.0 
1.0 

...... 
8.9s 

6. A2 
ti. 00 
5.01 

:i.n1 

...... 
17.15 
1s. w 
21.71 
22.00 
lfi.21 

...... 
1 0. so 
6.12 
4.65 
3. 70 
7.25 
4.33 
3. l a  
7.4 
5. tis 

a 07 

...... 
13.69 
E. 39 

...... 
42 5.49 
12 5.02 

..... ! ....... 

...._I 17.1 ...... 13.2 
_..._I 16.7 

11.4 

15.3 Fi:! 

! 

..... ! 13.0 

_....! 13.9 

:::::I 13.6 

I 15*3 

i... .... 

'1 
I ..... 

1 Diameter in inches. 

i- 
m i 463 .in , 191 
ljn; 6n6 

377 f l  9? 

........I ........ 
41 I 2'12 
28 j 95 69 1,118 
i 6  I 1.566 

I33 I 652 
603 

........ I ........ 
I 

1s I I t  
20 I H1 
:r: I 133 
83 : 139 

3' 99 

ib i 'E 
8 

................ I 

........ j ........ 
60 648 

306 
55 I 444 

35 1 166 
40 1 145 
56 ! 441 
40 ?P7 

................. 
65 i 990 
08 ! 1,%2 

........I.. ...... 

................ 
(15 I 845 
71 I 1,214 72 950 
71 917 
XI 1,169 
iil : 695 
72 j 9i9 

-.I I -  

....... 

1,101 

....... 

- 

Ndh. 

9 

92 8orJ 
52: 535 
3,757 
7,717 
313 

...... 
25.731 
l.fll.5 
4 . m  

63.9.55 
10. 9 3  
42.5% 
1 , m  

...... 
30 

1. 1 0  
1.9Sl 
3 w  

2. .w 
1, .w; 

36 
dn 

...... 
49.1as 

qU ni4 
2,065 

1 4  1 
a 

...... 
52.2.57 
31,981 
63. GZ 
45,738 
2, GRI 

...... 
65 817 
14'030 
4' 149 

9-50 
2.95s 

4.26 
35' 
939 
708 

1: 891 

...... 
13 503 
34: 770 

...... 

NOVEMBER, 1928 

12 

TI for awrege hard\\.ood. 

9.78X~-9.13 43 Inches nnnunl tnnspirn- 
tlon. 

TI for mein of sprure and huhrn. 

TI for I.dack alder. 

0.42s- 0.39 inrhes annuel trenaplra- 

TI for yt.llow pine. 

42 
45- tion. 

TI for linden. 

4.1!26X~-l .22 inches :inmml transplra. 

TI for fir. 
Do. 

tton. 

5.52xr5-7.36 60 inches annual transplra- 
tlon. 

TI for oak. 

TI for average hardwood. 
DO. 

Do. 

Do. 
10.?5xG- 52 11.84 Inches annual .rans- 

priation. 

1.21~$.1.75 Inches annual t r m -  
plratlon. 

5.05:.($-4.(~ inrhes annual trans- 
priation. 

TI for average spruce and fir. 

TI for nverage spruce, fir, and pine. 

5.?4~$4.M piratlon. Inches annual trans- 
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June. 

23.0 
19.9 
21.5 
16.4 

19.4 
17.9 
24.1 

24.4 

20.0 

TABLE 18.-Semonal distribution of transpiration. Hohnet's 1879 
experi?n.mls. 

--__. 

July. -- 
28.0 
28.G 
29.0 
2S8 

22.8 
25.2 
31.1 

m.4 

27.5 

I 
I- TlW. 

A B . .  ........................................ 
Blrch.. ...................................... 
Beech.. ..................................... 
IiOrnbem orirozlwood... ................... 
Elm (5eId) .................................. 
Oak "Stid" and "Trsuben"). ............. 
SDrure. ...................................... 
Fir. 
Pine (Scotch whlte). ........................ 
Pine (block Austdm). ............ ..........I 

oak L T ' 9  ................................ 

I ......................................... 

PPX cent of ~essanal total, J u n e  
September. -_____ 

29.4 
36.81 14.6 
30.0 16. ti 

21. 7 

30.5 27.0 
36.7 I 20.5 
m.0 I 18.0 
30.8 21.: 
23.1 I 33.s 
26.91 181 

lg.o 

Average ............................... 21.2 27.2 1 31.0 i I9.M 

cent ....................................... 1 n.2 1 25.9 I ~ . 5  i 3 . 5  
H6hnel's measured wapmatian. 1879, per 

.-- -__-- ~ . 

Evaporation from the soil surface can also be npproxi- 
mately deternlined. The total water losses are known 
for many areas from a compxison of the measured run- 
OR tlnd precipitation. 

The lezif-weight ratios used in Table 15 are those for the 
larger trees where available. Vtrlues for larger trees were 
used instead of an average of those for large and small 
trees, because determinations of tpnspjration losses 
from larger trees are those most generally described. 

the leaf-weight ratios, column 9 of Tables 

the ratios for young trees are generally, though not 
always, considerably the larger. I n  other words, trees of 
less than 10 yews of age have more lenf weight per unit 
of diameter t h e 3  height than mature trees. The 
method of cdculntion here used, tnsed on lenf-weight 
data for mature trees, nppnrently lends to too smdl 
values of estimated trnnspiration when applied to very 
young trees. No certain method of correcting for this 
tactor is at present available. In  view of the fnct that 
the thickness of the leaf layer in the tree crown heconies 
more nearly constant after the tree has reached a niod- 
erate size and the crown begins to have :I, core or hollow 
center, it may be fairly presumed thrit this error is not 
involved except in coniparatively young trees. 

dry leaf weight A determination of the ratio diameter heig&wftS made 
in general for only one large tree of each kind. Better 
results would no doubt he obtained by averaging ti 

Comparinf 8 and 9, or large and small trees, it  will be found that 

large number of trees of the same size- and ,sp?ies. 
Furthermore, it  is desirable that *such invegti ations 

of the srxme species. 
down many trees and the great amount of labor i n v o l a  
in a leafage determination, even for a single tree, it is 
to he ho ed that extensive data a10 the linea above 

Forest transpiration is of course limited by availabb 
water supply derived from precipitation. However, 
this is automatically taken into account in a large meas- 
ure, since the type of forest which will grow on a given 
area, and the size attained by the trees is condihoned by 
rainfall and other environmental factors. While a 
transpiration loss of 25 inches or more may occur in a 
full-stocked mature beech forest under favorable condi- 
tions, the existence of such a forest stand is proof positive 
of rainfall sufficiently abundant to support it and to 

rovide the corresponding transpiration and other watar 
Lsses. In  another re 'on with materially lower rainfall 
an equally dense stan c f l  of beech would not be found. 

The seasonal transpiration losses can be distributed 
throughout the difFcrent months by takin the trans ira- 
tion for each month as proportional to i t e ratio o P the 
evaporatire capacity for the given month to the to td  for 
the season. T h e  relation between the two as determined 
by Hohnel's experiments is shown for the growing season, 
JuneSe tember, in Table 18. Se arate calcultaions 
should E e made for the growing an$ dormant. seasons 
because the ratio of transpiration to evaporation rate 
is higher durin the growin than during the dormant 
forest season. ' h e  months o h a y  and October are transi- 
tion periods for which the ratios of transpiration to 
evaporation are about midway between their winter and 
summer va1ues.O 

should he cnrried out for various sizes or ages o 1 trem 

suggest,e cp may be obtained in the near Yi uture. 

In  spite of the necessity of cutt' 

--_-__---_I - 
6 Other references on thls subject am: 
Rafter George W.: Natural and artl5dal forest Oi the Stat0 d N W  YO&, 
&tcr George w.: nata of stream now in &tion to forests, f i m .  AW. 0. E., 
Engler, Adold: 1~flrwnce.s of farests on strenma. (as.) Srba csnbol BWam 

The Woodm&'s Hand&oL. U. 5. D. A .  Forert Scrvlrq, Bull. $6. Revised 1910. 
Chittenden: Porost condithsln northern New Hamphre, BuU. 66. E.  P. 0.8. b. A.  
Muncer: The crosth and msnegemont of Douglas b, olr. 176, F. S.. U. 8. D. A .  

Re rt of Commbaionrra of Flahcrisr, Gome and Foreat& 1698, pp. M. 

CDmell irnir. VOI. 7 1890, pp. sa. 
Fmat Rramrch vol. I?, 229-aZ. 

h[ur;hy L. S.: The reds rucc BuZl.64 U. 9. D. A .  
Zon R.: Chestnut in sou&ernbaarylanh B d l .  SS F. 5. U. 9. D. A .  
WdIsey S.: Western Yellow pine Bud101 F. 8., U. A. D. A .  
Bon Ra&& BsLsamBr Prof. P&66 F.$ U.S. D. A .  
En& Anton InAuenedoi forests on dreams' swim p ore at seroiee 1010. 
Frothlhghm, 'E. H.: The northern hardwood'forest, Forrat Bull. 486 8- 
Horton, R. E.: Rsinfallinterceptlon,Mo. IVEATEEEREV. Septambes, 1010, pp.- 
U. 5. D A .  

NOTES ON T H E  1922 FREEZE IN SOUTHERN CALIFORNIA. 
By FLOSD D. Yoom,  Meteorologist. 

It is safe to say that a winter never asses without the the day. When this wind dies out in the eve-, the 

sections of southern Callfornia. During many wint,ers. low humidity which prevails in southerp Caldoma 
however, the temperature in these districts does not fall under these conditions of pressure distributlon. 
low enough to damage citrus fruits. In  other winters Strong temperature inyersions develo on hillsides tind 
the damage is slight and is confined to sainll areas in the slopes in the citrus distrlcts on calm, gost nigh@ but 

looked upon by the fruit growers as beneficial, serving side and valley floor are usually shght. The most h- 
to improve the color and flavor of the navel orange. ortant factor in limiting or preventing damage during a 

At intervals of about 10 ears, on the average, general Leeze is the occurrence of a steady wind which con- 
heav freezes have visited t K e citrus districts, damaging tinues to blow throughout the ni ht. 

dollars. These "freezes" partake more of the nature fruits over a considerable area in southern Callfornia 
of a cold wave than a frost; in fact, the freeze is a com- occurred in 1913, 1918, and 1922. Freezes occuured in 
bination of cold wave and frost. A wave of low teni- 1913 and 1922, and a serious frost occurred in 1918. 
peratures advances southward from the Canadian border, In 1913 and 1922 orchards on the hgller ound sufFered 
on the southern and southwestern borders of a well- 

wind prevents the nornial rise in temperature during or 110 damage. Some remcwkab e differences between 

occurrence of frost somewhere in t Yl e citrus-growing 

colder localities. In  mild winters the light frosts are during a freeze differences in temperature i etween hill- 

the 9 ruit and trees to the extent of many millions of Temperatures low enough to %amage serious)y.citm 

tis much damage, in eneral, as those on t % e low. 
developed high-pressure mea. A strong, cold northerly while in 1918 orchar % s on the slo es escaped mgol%?; 

temperature falls with startling rapidity, oWning .to +e 

P 


